A B S T R A C T Structures subjected to severe cyclic loading may fail due to low cycle fatigue. During the latter part of the fatigue life the crack growth rate may increase due to crack growth from static failure modes. This was investigated numerically by Skallerud and Zhang (Int. J. Solids Struct. 34, 3141-3161, 1997) for a butt-welded plate with a circular crack growing from the centre of the weld. The weld material was slightly overmatching, and for simplicity, base material properties were employed in the finite element model. The predicted crack growth rate was significantly underpredicted in the early part of crack growth. In the present investigation, more detailed material modelling was used, and some metallurgical aspects were addressed. The fatigue part of the crack growth was determined by using the computed cyclic J-integral, and the static mode crack growth from ductile tearing is determined from computations accounting for void nucleation/growth/coalescence by means of a modified Gurson-Tvergaard model.
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I N T R O D U C T I O N
ties were taken to be those corresponding to the base metal, as the weld metal was slightly overmatching and In the present investigation cyclic elastic-plastic crack growth is analysed by means of nonlinear FE methods. more tests had been carried out for the base material. The cyclic stress-strain curves reveal, however, a small The case analysed is an axially loaded plate with embedded circular cracks. 1 The fatigue crack growth is preundermatch in the weld. As the welded plates were tested in base metal strain control, the straining in the dicted by extension of the J-integral 2 to cyclic loading, DJ, 3 followed by application of this parameter in a weld will be higher than in the base metal. This affects the J-integral calculations, and is accounted for in the fatigue crack growth model. The ductile tearing is predicted from the Gurson-Tvergaard (G-T) model. [4] [5] [6] present study.
In the following, first some semi-empirical fatigue A refined failure criterion based on a void coalescence mechanism has been used in the fitting of the ductile crack growth models and the micro-mechanical model are briefly presented, followed by a discussion of the damage parameters.
7 All numerical simulations were carried out with the ABAQUS software, and the UMAT material properties representative of the weld. Finally, the finite element results for the component with embedsubroutine facility is employed for the implementation of the G-T model with the refined failure criterion. 8 ded, circular cracks subjected to cyclic plasticity are shown and discussed. In 9 three-dimensional finite element models of homogenous material were employed in analysis of crack blunting and resharpening of the crack tip. 10, 11 A result axially loaded specimens, where the strain energy in a cycle was taken as the area under the stress-strain curve from this model is that the crack advance is proportional to Dd tip . The striation mechanism with crack advance in starting at (s min , e min ) and ending at (s max , e max ). 12 whereas a semi-empirical model has to be utilized for lower rates:
The F factors account for finite geometry, crack shape and strain hardening, and were derived in Shi and The value of n 1 is typically between 2 and 4, and close Hutchinson 16 for monotonic loading. Note that the to 3 for structural steel. Figure 1 illustrates schematically energies should account for eventual effects of crack typical fatigue crack growth rates in log-log axes. For closure, i.e. DJ is effective. By correlating DK J to the high cyclic loading in the ligament (due to a large crack low cycle fatigue crack growth, a linear relationship has or small crack/high nominal load), the small scale yieldbeen obtained in log-log axes, located in the extrapolated ing parameter K is invalidated. Now the J-integral is a Paris' region: [17] [18] [19] possible parameter for describing control of the crack tip damage process zone. J is derived for a non-linear
The definition of DJ reads J= 20 A way of utilizing the results from ABAQUS for DJ determination is presented subsequently.
Considering Fig. 1 , for a further increase in DK J , the log-linear relationship breaks down, and an increase in crack growth rate develops. This increase may be attributed to static fracture modes, for example, from ductile tearing. Previous studies show that for some materials the interaction between the fatigue mode and static modes is negligible, [21] [22] [23] and the increased crack growth due to ductile tearing may be simulated by an amplification factor obtained from a monotonic J R curve:
By this method the upturn of the da/dN-DK curve, Fig. 1 , is obtained. Equation (11) is not utilized herein. Instead, as the damage process in ductile tearing usually consists of void nucleation/growth/coalescence, a micro-mechanical mode 2,6 is employed with some modifications. The plastic potential for a voided solid reads:
the base material, some cyclic tests showed that a small undermatch existed. This was not accounted for in the 9 Note that the doubled (Masing-approach) cyclic stress-strain curves employed in computation of cyclic J-integrals also are plotted (12) in Fig. 2 . Here f is the void volume fraction, s : is the matrix
The testing was carried out in fully reversed axial material yield stress, q 1 =1.5 and q 2 =1 are fitting loading, with the base metal nominal axial strain as parameters, s is the Cauchy stress tensor, I is the second controlling parameter. order unit tensor.
Two of the specimens developed cracks growing from During loading, the void volume fraction increase is a weld root inclusion as an embedded, approximately governed by: circular crack. The micrographs corresponding to the specimen simulated showed clear striation patterns. The nominal strain amplitude was 1.3% and the number of df =df nucleation +df growth df growth =(1− f ) de p : I df nucleation =A de : p (13) cycles to failure was 80. Fractography for a crack of size 1 mm showed no sign of dimples representing necking between voids, whereas for cracks larger than approximately 5 mm dimples clearly were visible. See Skallerud where e p is the overall plastic strain tensor, and de : p is the equivalent plastic strain increment. Here a strainand Zhang 9 for details. A further study of the fractured specimen that was controlled nucleation criterion has been applied. The void nucleation parameter A may be described by the analysed subsequently showed that the initial part of the crack growth (a#0-2 mm) occurred in the heat-affected normal distribution model. 24 Note that a failure criterion is inherent, namely the void volume fraction at coalesczone, i.e. in a material of martensitic type, see Fig. 3(a) . Figure 3(b) shows the hardness of the base material, ence, f c . Zhang and Niemi 7 took f c to be the value of f when a void coalescence criterion, based on Thomason's HAZ, and weld metal, respectively. The HAZ material has a low ductility, hence the low cycle fatigue crack localization criterion 25 is fulfilled. Hence, a physical criterion is employed.
growth will be rapid in this material. This is illustrated by the fracture surfaces. 9 For the early crack growth from the inclusion and out, macroscopic river patterns Experimental observations are evident, indicating rapid crack growth. For a=1 mm river patterns on a microscopic scale are also observed, In the investigation 1 axially loaded plates, butt-welded at midsection, were tested. The base material was of but for cracks larger than this the macroscopic river patterns have vanished. This has important consequences type St52-3N, a normalized CMn structural steel typically applied in the offshore industry. The cyclic in prediction of the fatigue crack growth. In Eq. (7) the Paris' parameters C and m according to ferritic steel stress-strain curves are plotted in Fig. 2 . Although the monotonic weld material properties slightly overmatched (weld metal) typically are C=10 −12 and m=3, whereas predicted to start at a nominal strain 1.4%. In other words, according to the simulations the ductile tearing will begin to contribute to the total crack growth in the fatigue test when the crack size has reached approximately 5 mm. The computed ductile crack growth per cycle [(da/dN )| tearing ] for the 6, 7 and 8 mm models at the applied nominal strain amplitude 1.3% was about 0.05, 0.15 and 0.45 mm, respectively.
As DJ≠J max −J min , the J-values obtained by ABAQUS during the cyclic loading could not be utilized. However, as the crack opens near the minimum load, a numerical DJ may be calculated by taking the doubled stress-strain curve as material model (Masinghypothesis), and subjecting the cracked component to 2e a monotonically. This is analogous to the way the area under the load-displacement curve in cyclic loading is used in obtaining test result DJ. 14, 20 As the steel under consideration is a typical ferritic structural steel, representative crack growth in the small scale yielding regime is given as: for martensite they are typically 10 −10 and 2.25. 26 This Extrapolating this curve into the large scale yielding means that in a prediction of the initial crack growth, regime, see Fig. 1 , and employing the computed DJ the Paris parameters change. Employing the ferritic values to determine DK J , the fatigue crack growth rates material parameters yields an underprediction in fatigue are obtained from Eq. (14) for the six crack sizes. Hence, crack growth rate. This was the case in the previous da/dN | a = ai =da/dN | i =da/dN | fatigue,i +da/dN | tearing,i . study. Due to the large uncertainty in the material
The cycle increment DN i for a given crack growth properties relevant for the initial part of the fatigue life, increment Da i is calculated by focus is put on the crack growth prediction corresponding to a crack that grows mainly in the weld metal (i.e.
In the following section an attempt is made to predict da/dN from fatigue and ductile tearing contributions by
Hence
Crack size versus number of cycles is plotted in Fig. 4 . means of computed values of fatigue and tearing crack growth according to Eq. (10) .
The initial slope of the simulation curve is too gentle, but in the last part the curves correspond quite well. It is noted that starting from an initial crack of 1 mm
N U M E R I C A L S I M U L A T I O N S
(SimulationA), the remaining fatigue life is overpredicted (approximately 40 cycles in the test versus 60 in the Six three-dimensional models with (circular) crack size a=1, 3, 5, 6, 7, and 8 mm were analysed with the simulation). Considering the complexity of the problem analysed, this is not discouraging. Starting from an initial established material parameters, see Skallerud and Zhang 9 for finite element mesh details. The difference crack of 3 mm (SimulationB), the remaining fatigue life is accurately predicted (although with a small in cyclic stress-strain curves for base and weld metal was accounted for. underprediction). The void volume fractions as a function of the nominal strain were monitored in the analyses. It is interesting
D I S C U S S I O N
to note that for the 1 and 3 mm crack models, there was no ductile growth at the maximum nominal strain 1.3%.
Crack growth predictions However, some ductile damage as given by the void volume fraction appeared for lower nominal strains. For
The J-values corresponding to strain amplitude 0.013 for crack sizes 3, 5 and 6 mm are: less than the numerical the 5 mm crack model the ductile crack growth was applied in the tests. When this void is reloaded in tension, the material around the void is more intensively strained compared with a spherical void. How this may increase damage growth during the load cycling should be investigated further.
S U M M A R Y
The predicted crack growth by adding up fatigue contributions and ductile crack growth contributions is considered to be in acceptable accordance with the test result. Although the test exhibited crack growth with a very simple crack shape (providing a good case for numerical verification), the problem turned out to be rather complex due to a crack growing in martensiticferritic material regions. This requires that the material There is a need for more numerical work on the feasibility of the DJ determination, and experimental crack initiation value (J c ), approximately at the initiation value, and above, respectively. This corresponds to the work on other materials in order to reveal possible damage interaction that invalidates a simple linear sum micrographs of the fracture surface showing a tendency of ductile tearing per cycle for a=5 mm, and significant of fatigue and tearing crack growth rate. ductile tearing per cycle for a=7 mm 9 During the cyclic loading, for a< 5 mm the fatigue
